Abstract. The modification of proteins by small ubiquitin-like modifier (SUMO), known as SUMOylation, regulates biological function by changing protein transcription and translation. During the estrous cycle the endometrium undergoes continual change to processes including cell proliferation, secretion and exfoliation and these changes are regulated by the levels of ovarian hormones. Increasing the expression of SUMO family members has previously been shown to promote proliferation and invasion of endometrial cancer cells. However, limited research has been carried out into the expression and function of SUMO in the mammalian endometrium. In the present study, the level and localization of SUMO-associated proteins throughout the natural estrous cycle in the mouse uterus was determined using immunohistochemical staining and western blot analysis. The association between the spatiotemporal expression of these SUMO modified proteins and SENPs in endometrium and the concentration of ovarian hormones during estrous cycle was revealed. The present study clarified the role of SUMOylation in maintenance of normal estrous cycling and may have important significance in the study of hormone-dependent endometrial diseases.
Introduction
Small ubiquitin-like modifier (SUMO) modification (SUMOylation) is a highly dynamic and reversible post-translational modification of proteins that has been implicated in various biological functions, including gene transcriptional regulation, protein expression and interaction, cell proliferation and apoptosis (1, 2) . The SUMO family consists of five isoforms and in vertebrates, there are three genes encoding distinct SUMO proteins, SUMO1, SUMO2 and SUMO3 (3) . The SUMO2 and SUMO3 proteins share a high degree of homology and are usually considered together as SUMO2/3 (2) . SUMOylation involves a series of different proteins and enzymes (4) , including SUMO activating enzyme subunits 1 and 2, SUMO-conjugating enzyme UBC9 (UBC9) and SUMO protein ligases, including the E3 protein ligase PIAS family ligases, E3 SUMO-protein ligase RANBP2 and human polycomb group proteins (5, 6) . The process of dissociating SUMO subunits from target proteins is referred to as de-SUMOlyation, and is carried out by sentrin specific proteases (SENPs). Six SENP family proteins have been identified in mammals (SENP1, SENP2, SENP3, SENP5, SENP6 and SENP7) and each has a different subcellular localization and substrate specificity and participates in different physiological and pathological processes (7, 8) . All of these SUMO-associated proteins play a key role in reversible SUMO regulation in cells.
The human menstrual cycle lasts approximately 28 days and is under the strict control of estrogen and progesterone, the release of which is regulated by the hypothalamic-pituitary-ovarian axis (9) . During the menstrual cycle, the uterus endometrium undergoes a series of morphological and functional changes, cyclically preparing for implantation of a fertilized egg (10) . Uterine expression of SUMO isoforms
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and their targets has been described in several endometrial diseases (11) and has been linked with hormone-related endometrial cancers. SUMOylation may play a role in cancer cell proliferation, DNA damage responses, metastasis and apoptosis (1, 12) . Research has shown that reducing SUMO1 gene expression may inhibit the proliferation and induce apoptosis of Ishikawa cells (13) . Estrogen receptor (ER)-β has been identified as a SUMO1 target (14) . ER-α has also been reported to undergo SUMO modification, which led to transcriptional activation of the receptor (15) . A number of uterine-related diseases, such as endometrial adenocarcinoma (16) , endometriosis (17) and cervical high-grade squamous intraepithelial lesion (17) , are closely related to the expression of estrogen progesterone and their receptors and it is hypothesized that SUMO regulation is involved in the development and progression of these diseases. However, sex hormone levels are not stable throughout the physiological estrous cycle, so the expression and localization of SUMO-associated proteins in the uterus at various stages of the physiological estrous cycle is of interest.
Rodent estrous cycles are similar to human menstrual cycles (18) . The mouse estrous cycle typically lasts 4-5 days (19) . Vaginal smear cytology can be used to identify the five stages of the estrous cycle: Proestrus, estrus, metestrus I, metestrus II and diestrus (20) . In the present study, the stages of the estrous cycles of female C57BL/6 mice were determined based on the morphology of exfoliated vaginal cells, and the levels of estrogen and progesterone were measured at different periods of the estrous cycle. Changes in the endometrium at the different periods were observed using hematoxylin and eosin (H&E) staining. Immunohistochemistry (IHC) was used to determine the localization and expression of SUMO-associated proteins in the mouse endometrium throughout the estrous cycle. Protein expression was also analyzed by western blotting.
The purpose of the present study was to assess changes in SUMO-associated protein expression and localization throughout the endometrium during different stages of the estrous cycle, which exhibit different ovarian hormone levels. Investigating the role of SUMO-associated proteins in the maintenance of the normal estrous cycle may elucidate their role in hormone-dependent endometrial disease.
Materials and methods
Experimental animals. A total of 40 C57BL/6 female mice (age, 6-8 weeks, weight, 20±2 g) were purchased from the Animal Center of the Institute of Cancer Research, Chinese Academy of Medical Sciences. Animals were maintained under specific pathogen-free conditions at the Animal Experimental Center of the Fifth Central Hospital of Tianjin (Tianjin, China) at 20-25˚C with 50±5% humidity and on a 12 h light/dark cycle. Animals had free access to food and water. All surgical procedures were performed as approved by the Principles of Laboratory Animal Care Science & Technology Co., Ltd.) was used for staining according to the manufacturer's instructions. The smears were evaluated using a light microscope (DP73; Olympus Corporation) under x10 and x40 objective lenses. Vaginal smear staining was used to predict estrous cycle stage using the ratio of the three cell types observed: Round and nucleated cells were epithelial cells, irregular cells without nuclei were cornified cells and the small round cells were leukocytes. The mouse complete estrus cycle lasts for 4-5 days and can be divided into five phases. The proestrus stage has a predominance of anterior keratinocyte cells. The estrus stage is characterized by a large number of non-nucleated keratinized squamous cells, which appear in clusters. The metestrus I stage has reduced squamous epithelial cells compared to other stages with nuclear epithelium and/or keratinization and the appearance of leucocytes. The metestrus II stage has a predominance of leucocytes. The diestrus stage consists predominantly of nuclear epithelial cells, and occasional leucocytes and keratinocytes (20) .
Sample collection. Mice were anesthetized by isoflurane inhalation, and blood samples were collected from the ophthalmic vein at different estrous cycle stages (n=3/group). Blood samples were incubated for 1 h at 4˚C and then centrifuged at 1,000 x g for 10 min at 4˚C. Serum was collected and stored at -80˚C until further analysis. Anesthetized mice were sacrificed by cervical dislocation and uterine tissues were collected, with one half thoroughly washed with phosphate buffered saline and frozen at -80˚C, and the other half placed in an embedding box and fixed with 4% paraformaldehyde for 24 h at 4˚C. Fixed tissues were dehydrated and immersed in xylene and then embedded in paraffin wax and sectioned into a thin ribbon of 6-µm thickness for H&E and IHC staining. H&E stain and IHC staining. Mouse uterus paraffin sections from different estrous cycle stages were stained with H&E according to the kit instructions (cat. no. G1120; Beijing Solarbio Science & Technology Co., Ltd.). IHC staining was performed using a universal IHC kit (mouse/rabbit polymer assay system; cat. no. PV-6000; OriGene Technologies, Inc.) according to the manufacturer's instructions. The antibodies used were supplied by Abcam and dilutions were as follows: SUMO1 (cat. no. ab133352; 1:200), SUMO2/3 (cat. no. ab3742; 1:300), UBC9 (cat. no. ab7585; 1:500), SENP1 (cat. no. ab108981, 1:300), SENP2 (cat. no. ab58418, 1:500), SENP3 (cat. no. ab71677, 1:500) and SENP5 (cat. no. ab583477, 1:200). Stained images were obtained using light microscopy (DP73 microscope; Olympus Corporation). Yellow or brown-yellow granules in the cytoplasm and/or the nucleus indicated positive staining. Two pathologists, blind to the origin of the slides, observed images independently. Ten high power microscopic fields (x400) were selected in a homogeneous staining area and the level of positive staining was determined using two methods. The first method evaluated the numbers of stained cells. If no stained cells were seen the field of view was rated 0, if <25% of cells were stained the field of view was rated 1, if 26-50% of cells were stained the field of view was rated 2 and if ≥51% of cells in the field of view were stained it was rated 3. The second method evaluated the staining intensity. No staining was rated 0, pale yellow staining was rated 1, dark yellow staining was rated 2 and brown was rated 3. The scores obtained from both methods were then added to produce the final staining evaluation. If a field of view was rated 0-1 it was considered not to express the protein of interest (-), if it was rated 2 there was considered to be a low level of protein expression (+), a rating of 3-4 was considered moderate expression (++) and a rating of 5-6 was considered a high level of protein expression (+++). The uterine basal lamina could be distinguished from the functional uterine layers. The endometrium basal layer made up the inner third of the uterus, close to the myometrium and was not affected by hormones so underwent no cyclical changes. The functional layer made up the outer two thirds, close to the uterine cavity and was periodically affected by hormones, this could be divided into the dense layer and the sponge layer.
Enzyme-linked immunosorbent assay (ELISA).
Western blot analysis. To avoid de-SUMOylation of proteins, the uterine tissues were homogenized in pre-chilled RIPA lysis buffer (EMD Millipore) containing 20 mM N-ethylmaleimide and 1 mM PSMF (Beijing Solarbio Science & Technology Co., Ltd.). Tissue lysates were centrifuged at 10,778 x g for 15 min at 4˚C (1730 GENESPEED). Supernatants were collected and protein concentrations measured. Samples were mixed with sample buffer (Invitrogen; Thermo Fisher Scientific, Inc.) and incubated at 70˚C for 10 min. Samples (30 µg) were then resolved by SDS-PAGE (4-15% gels; Invitrogen; Thermo Fisher Scientific, Inc.), and then transferred onto a PVDF membrane (EMD Millipore). The membrane was blocked in a Tris-HCl-buffered salt solution containing 0.1% Tween-20 (TBST) and 5% skimmed milk powder at room temperature for 1 h, then incubated with primary antibodies provided by Abcam overnight at 4˚C in PBS with 0.1% Tween-20 and 5% skimmed milk powder (Thermo Fisher Scientific, Inc.), at the following dilutions: Anti-SUMO1 (cat. no. ab11672; 1:1,000), anti-SUMO2/3 (cat. no. ab3742; 1:1,000), anti-UBC9 (cat. no. ab7585; 1:1,000), anti-SENP1 (cat. no. ab108981; 1:1,000), anti-SENP2 (cat. no. ab58418; 1:1,000), anti-SENP3 (cat. no. ab71677; 1:800), anti-SENP5 (cat. no. ab583477; 1:500). Membranes were then incubated with secondary peroxidase-conjugated goat anti-rabbit IgG (cat. no. 111-035-003; 1:2,000; Jackson ImmunoResearch Laboratories, Inc.) at room temperature for 2 h. Membranes were incubated with Pierce™ Fast Western Blot kit ECL reagent (cat. no. 35055; Thermo Fisher Scientific, Inc.) for 5 min and then protein signals were detected using a C-Digit Blot Scanner (LI-COR Biosciences), ImageJ (version 1.48, National Institutes of Health) was used to quantify protein bands on X-ray film.
Statistical analysis. All data are presented as the mean ± SD of three independent experiments. Western blots were quantified using GraphPad Prism version 5.0 (GraphPad Software, Inc.), and statistical analysis was performed using SPSS 17.0 (SPSS, Inc.). Student's t-test or one-way analysis of variance followed by Dunnett's test was performed. P<0.05 was considered a statistically significant difference.
Results
Vaginal smear cytology. Typical vaginal smear cytology was seen in 35 mice in the current study. These mice were classified into five stages of the estrous cycle according to cytological criteria, as described in Table I . The largest proportion (43%) of mice were in diestrus, while only 9% of mice were in estrus ( Fig. 1A; Table I ).
Expression levels of serum hormones during the estrous cycle. Serum FSH levels were 4.41±0.40 mIU/ml at proestrus, 2.84±0.35 mIU/ml at estrus, 1.72±0.44 mIU/ml at metestrus I, 1.51±0.42 mIU/ml at metestrus II and 0.75±0.41 mIU/ml at diestrus, with a peak in proestrus compared with other periods (P<0.05). Serum LH was 4.45±0.51 mIU/ml at proestrus, 7.10±0.41 mIU/ml at estrus, 4.67±0.35 mIU/ml at metestrus I, 6.72±0.37 mIU/ml at metestrus II and 10.82±0.49 mIU/ml at diestrus, showing a + significant peak at diestrus compared with other periods (P<0.05). Serum E2 levels were significantly higher (P<0.05) in estrus (37.02±2.53 mIU/ml) than in proestrus (24.41±2.73), metestrus I (25.67±2.86) and metestrus II (27.63±2.04 mIU/ml) but there was no significant difference compared with diestrus (27.71±2.73 mIU/ml). Serum Pr levels were significantly lower (P<0.05) in estrus (12.80±1.44 ng/m) than in proestrus (21.36±1.50 ng/ml), metestrus I (26.23±1.73 ng/ml), metestrus II (24.96±1.45 ng/ml) and diestrus (25.73±1.63 ng/ml), but there were no significant differences between other stages of the estrus cycle (Fig. 1B) .
H&E staining. The results of H&E staining showed that in proestrus the endometrial columnar epithelial cells and stromal cells had proliferated, a thickened intimal connective tissue displayed cellular proliferation and the number of blood vessels had increased in comparison with diestrus (Fig. 2) . Estrus exhibited endometrial hyperplasia and hyperemia, endometrial edema and bleeding with erythrocyte exudation. Metestrus I displayed degenerated endometrium and capillary micro-bleeding. Metestrus II had further degeneration of endometrial columnar epithelium cells and endometrial atrophy. Until diestrus, the endometrium was very thin with atrophied endometrial matrix, but glands gradually increased with the start of a new estrous cycle.
Murine endometrial expression and localization of SUMO pathway members during the estrous cycle.
Uterine IHC was performed to investigate the expression and localization of SUMO-associated proteins in the endometrium during the estrous cycle (Fig. 3) . SUMO1 was mainly detected in uterine luminal and glandular epithelial cells of the endometrium, during the ovulation period, with a high level of staining associated with increased columnar epithelium on the intima surface. Unlike SUMO1, SUMO2/3 was mainly detected in the endometrial stroma, with low level staining in columnar epithelium and glands. The expression of SUMO2/3 showed no marked changes during the estrous cycle. UBC9, the only E2 binding enzyme, exhibited extensive uterine expression throughout the estrous cycle. Subsequently, four important SUMO-specific proteases, SENP1, SENP2, SENP3 and SENP5, were detected and found to display marked differences in distribution and expression. SENP1 displayed the strongest and most widely distributed expression, with a high level of staining in the columnar epithelium and endometrial stroma before and after estrus, and gradually decreasing levels in the endometrial stroma during metestrus and diestrus. SENP2 and SENP3 were mainly distributed in endometrial stroma, and showed no significant changes throughout the estrous cycle. The expression of SENP5 was high in the endometrial epidermis, and increased during estrus and metestrus. Characterization of IHC staining for the SUMO-associated proteins during the estrous cycle is shown in Table II .
Uterine expression levels of SUMO pathway members.
Western blot analysis was used to further examine whether periodic changes in the endometrium during the mouse estrous cycle were related to de-SUMOylation. The protein expression levels of SUMO1, SUMO2/3, UBC9, SENP1, SENP2, SENP3 and SENP5 were examined in the mouse uterus at different stages of the estrous cycle.
In the mouse estrous cycle, large molecular weight (>100 kDa) SUMO1-conjugated proteins were abundant during estrus and metestrus I, with no significant difference between the two stages, as shown in Fig. 4A and B. The levels of SUMO2/3-conjugated proteins in metestrus II were decreased compared with estrus and metestrus I, but levels were similar to those at diestrus and proestrus ( Fig. 4C and D) . UBC9 had a similar expression pattern to SUMO2/3. The expression of SENP1 gradually increased from proestrus to diestrus (P<0.05), but SENP2 remained stable throughout the estrus cycle. The expression of SENP5 was significantly higher in metestrus I compared with proestrus (P<0.05). Unlike the other SENP members, SENP3 was expressed at low levels during the estrous cycle and showed no significant variation in expression between the five stages ( Fig. 4E-H) .
Discussion
In mammalian ovaries, pituitary gonadotrophins cause follicles to produce estrogen, and the luteal body to produce estrogen and progesterone (22, 23) . Secondary sexual characteristics of women, such as breast development, fat distribution, monthly menstruation, regular ovulation and fetal growth and development in utero after conception, are closely related to the regular ovarian secretion of steroid hormones (24) . The uterus is a primary target of estrogen and progesterone and the endometrium, cervix and vagina are all important target organs of estrogen and progesterone, the levels of which change regularly during the menstrual cycle. Studies have shown the high expression of estrogen Table II . Classification of immunohistochemistry staining for SUMO pathway members in uterine tissue during the estrous cycle.
A, Proestrus and progesterone receptors in endometrial tissue (25, 26) .
In the present study, the vaginal smears of mature female mice were examined and typical cytology patterns were used to characterize different stages in the estrous cycle of the experimental animals (27) . Changes in FSH, LH, E2 and Pr levels were detected in mouse serum during the estrous cycle, and endometrium histopathology changes induced by these hormones were observed using H&E staining. These changes included the regular proliferation and exfoliation of endometrial columnar epithelium and the periodic changes in glands. The above results indicated that changes of serum sex hormones and periodic changes to the endometrium in mice were highly consistent with the equivalent changes of the human menstrual cycle (28) . The endometrium undergoes continual changes in features including cell proliferation, secretion and exfoliation throughout the estrous cycle and these changes are regulated by ovarian hormones (29) . A number of studies support a relationship between endogenous hormones and the increased risk of several female cancers. In epidemiologic studies, consistent associations have been observed between risk of breast, ovarian and endometrial cancers and hormonal risk factors caused by high postmenopausal body mass index and postmenopausal hormone use, which suggest the relationship between hormones and gynecological tumors (26, 30) . Additional studies have confirmed the abnormal expression of SUMO-associated proteins in hormone-dependent gynecological tumors. SUMO1 has an important role in the occurrence and development of certain malignancies, and its expression was shown to be significantly elevated in malignant tumors (31, 32) . In addition, SUMO1 and ER-α expression were found to be correlated in endometrial carcinoma (13) . However, the specific relationship between SUMOs and endometrial cancer is unclear and requires further exploration. To the best of our knowledge, there are few reports on the expression of SUMO isoforms throughout the estrous cycle and the role of SUMO in maintaining the endometrial cycle is unknown. The present study determined the expression and localization of SUMO-associated proteins in the mouse uterus at different stages of the estrous cycle.
Post-translational modifications are a fast and efficient cellular mechanism to react to pathophysiological stimuli (33, 34) . SUMO-related proteins were largely expressed in a conjugated form. The results of western blot analysis were consistent with IHC data, and both showed cyclical changes in expression patterns and levels of SUMO-related proteins in the endometrium throughout the estrous cycle. It can be hypothesized that SUMO modification is related to hormonal changes and plays an important role in maintaining endometrial function during normal female estrous cycles.
The E2 ligase UCB9 is responsible for the conjugation of SUMO to target molecules (35) . The present study found that UBC9 was highly expressed throughout the endometrium, with no obvious changes throughout the estrous cycle.
SENPs play a vital role in de-SUMOylation of proteins, and SENP1 was reported to mediate de-SUMOylation during the regulation of cellular proliferation, and involved in the regulation of angiogenesis (36) . Increased expression of SENP1 in prostate cancer enhanced AR-dependent transcription, resulting in increased cell proliferation (37) . SENP2 expression was reported in bladder cancer, and its overexpression could inhibit the migration and invasion of cultured bladder cancer cells (38) . Overexpression of SENP5 in human idiopathic heart failure leads to cardiac dysfunction, accompanied by decreased proliferation of cardiomyocyte and increased apoptosis (39) . The present study showed that SENP1, SENP2 and SENP5 were highly expressed throughout the mouse estrous cycle. IHC staining showed that SENP1 was widely distributed and highly expressed in the uterus during the estrous cycle. Western blot analysis showed that SENP5 was highly expressed in the endometrium during estrus. These data suggest that SENP1 and SENP5 are likely to play an important role in regulating deSUMOylation in endometrial tissues, thereby further participating in the proliferation, secretion and exfoliation of uterine cells during the estrous cycle. The results of the present study suggest that SUMO-associated proteins participate in the maintenance of the physiological function of endometrium under the precise regulation of hormones during the estrous cycle. It is hypothesized that hormone level changes, hormone receptor sensitivity increases or any abnormality in SUMO-associated proteins may induce endometrial diseases.
Defining the role of SUMO isoforms in the course of uterine endometrial cyclical changes is likely to be crucial to understand how they function under pathological conditions. However, the mechanism of hormone regulation of target molecules by SUMOylation and de-SUMOylation needs further study. This research is a preliminary study into the relationship between endogenous hormone actions and SUMO expression and how this is associated with uterine tissue remodeling during the menstrual/estrous cycle, and provides the theoretical foundation for pathological studies to screen for potential therapeutic targets of endometrial lesions.
